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ABSTRACT

Detailed observations of the interactions of a cold front and a dryline over the central United States that
led to dramatic undulations in the boundary layer, including an undular bore, are investigated using
high-resolution water vapor mixing ratio profiles measured by Raman lidars. The lidar-derived water vapor
mixing ratio profiles revealed the complex interaction between a dryline and a cold-frontal system. An
elevated, well-mixed, and deep midtropospheric layer, as well as a sharp transition (between 5- and 6-km
altitude) to a drier region aloft, was observed. The moisture oscillations due to the undular bore and the
mixing of the prefrontal air mass with the cold air at the frontal surface are all well depicted. The enhanced
precipitable water vapor and roll clouds, the undulations associated with the bore, the strong vertical
circulation and mixing that led to the increase in the depth of the low-level moist layer, and the subsequent
lifting of this moist layer by the cold-frontal surface, as well as the feeder flow behind the cold front, are
clearly indicated.

A synthesis of the Raman lidar-measured water vapor mixing ratio profiles, satellite, radiometer, tower,
and Oklahoma Mesonet data indicated that the undular bore was triggered by the approaching cold front
and propagated south-southeastward. The observed and calculated bore speeds were in reasonable agree-
ment. Wave-ducting analysis showed that favorable wave-trapping mechanisms existed; a low-level stable
layer capped by an inversion, a well-mixed midtropospheric layer, and wind curvature from a low-level jet

were found.

1. Introduction

During evenings and early morning hours, the lower
atmosphere commonly acts as a waveguide for the
propagation of a variety of atmospheric waves that oc-
cur in a wide range of both temporal and spatial scales.
The undular bore, a propagating disturbance character-
ized by an abrupt increase in ground-level pressure
associated with an increase in ground-level tempera-
ture and a shift in wind direction often consisting of
wavelike oscillations, is one example that uses the sta-
bly stratified layer within the lower atmosphere as a
waveguide. Observations of bores have been reported
by several authors including Clarke et al. (1981),
Shreffler and Binkowski (1981), Smith et al. (1982),
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Doviak and Ge (1984), Haase and Smith (1984), Simp-
son (1987), Cheung and Little (1990), Fulton et al.
(1990), Koch et al. (1991), Locatelli et al. (1998), Koch
and Clark (1999), and others. The Morning Glory, a
frequent phenomenon near the Gulf of Carpentaria in
northern Australia, reported extensively by Clarke et
al. (1981), is an undular bore propagating along a tem-
perature inversion generated by the interaction of a
sea-breeze front with a nocturnal maritime inversion.
Several theories have been proposed as possible gen-
eration mechanisms for atmospheric bores. Numerical
computations of density currents encountering strong
stratification near the ground (Crook and Miller 1985;
Crook 1986, 1988; Noonan and Smith 1986; Haase and
Smith 1989), cool air behind colliding gravity currents
(Clarke 1983; Noonan and Smith 1986; Wakimoto and
Kingsmill 1995), thunderstorm outflows (Shreffler and
Binkowski 1981; Doviak et al. 1989; Fulton et al. 1990),
and mesoscale fronts (Smith et al. 1982; Koch et al.
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FI1G. 1. Geostationary Operational Environmental Satellite (GOES) enhanced infrared imagery at 0400 UTC 15 Apr 1994.

1991; Koch and Clark 1999) interacting with an existing
stable layer may trigger bore wave phenomenon. Labo-
ratory simulations of gravity-current-induced atmo-
spheric bores have also been reported (Maxworthy
1980; Rottman and Simpson 1989). A recent discussion
of gravity currents and bore waves can be found in
Koch and Clark (1999).

In this study, we present an analysis of Raman lidar—
sensed profiles of water vapor mixing ratio and sup-
porting surface mesonet, satellite imagery, rawinsonde,
tower, and microwave-radiometer-measured precipi-
table water vapor data, which show distinct undular
bore and other wave activity associated with a cold-
frontal passage and dryline conditions. The data for this
study were recorded on the night of 14-15 April 1994
(all times hereafter are UTC) during the Atmospheric
Radiation Measurement (ARM) Remote Cloud Sens-
ing (RCS) intensive operations period (IOP) at the
Southern Great Plains Climate and Radiation Testbed
(CART) near Lamont, Oklahoma (Stokes and
Schwartz 1994; Ackerman and Stokes 2003). The pur-
pose of this work is to demonstrate the utility of Raman
lidar systems for measuring the vertical and temporal
evolutions of atmospheric stratification (via water va-
por mixing ratio) leading to undular bore activity dur-
ing a dryline—frontal merger (Shapiro et al. 1985; Par-

sons et al. 2000). In addition, it is the only lidar-based
observational study that clearly illustrates the time-
height evolution of the interaction between a dryline,
undular bore, and a cold front. This paper focuses only
on the observations; numerical simulations and wave-
let-based-analysis aspects of the data will follow in a
subsequent work.

Section 2 describes the synoptic conditions, time se-
ries surface mesonet observations, and sounding ascent
datasets. Raman lidar and microwave radiometer mea-
surements are presented in section 3. Theoretical con-
siderations are discussed in section 4, and a summary
and conclusions are given in section 5.

2. Meteorological data

a. Synoptic conditions

Satellite and surface charts showed a low pressure
system that moved south-southeast into northern Texas
and Oklahoma early on 15 April 1994 (Fig. 1). At the
same time, much of eastern Oklahoma and Texas were
under the influence of a northward-moving air mass of
high moisture content from the Gulf of Mexico while
the western parts were influenced by a dry air mass
from the Mexican Plateau. This resulted in a line of
strong dewpoint temperature and wind direction gradi-
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Plot of Surface Station dota for 5Z 15 APR 94

FI1G. 2. Surface observations made at National Weather Service (NWS) stations at 0500 UTC 15 Apr 1994
showing winds, temperature (atmospheric and dewpoint), and sky conditions.

ent that traversed Oklahoma and Texas from southwest
to northeast. Temperatures recorded at stations west of
this line, in the dry air, were typically cooler than those
recorded at stations east of the line (Fig. 2).

Streamline and dewpoint temperature analysis of
data recorded by the Oklahoma Mesonet stations also
showed a sharp moisture gradient traversing the state
roughly north—south (Fig. 3). A sequence of streamline
analysis plots (not shown here) revealed that a zone of
sharp moisture gradient moved westward early during
the night but later slowed and eventually reversed in
direction as the cold front approached, indicated by the
wind and streamline shifts. This movement of the moist
air mass was consistent with the general behavior of
dryline conditions and movements that are common to
the region during late spring and early summer (Peter-
son 1983; Schaefer 1986). In summary, the convergence
of the moist air mass from the Gulf, the dry air from the
Mexican Plateau, and a cold-frontal system near the
experiment site led to intense wave activity (including
an undular bore) over the CART site.

b. Surface observations at CART

Observations of wind, temperature, pressure, and
tower mixing ratio on 14-15 April 1994 at the CART
site are plotted in Fig. 4. The wind direction between

0000 and 0430, prior to the undular bore, was mainly
from the southwest except for a brief oscillation at
about 0100 and a series of oscillations around 0320
(Figs. 4a, 4e, and 4f). The 0320 oscillations coincided
with the arrival of the abrupt moisture increase and the
location of the dryline. Between 0430 and 0500, wind
speed and direction were highly oscillatory. Wind
speeds from as high as about 12 ms™! to as low as 2
ms ! were recorded. Starting about 0500, the winds
veered and increased in strength.

The pressure (temperature) data at CART were con-
sistently increasing (decreasing) after about 0430, indi-
cating the approach and then passage of the cold front
(Figs. 4c, 4h and 4b, 4g). Embedded in the pressure
trend, a series of impulse pressure increases (steps)
similar in manner to those described by Tepper (1950)
were observed. The largest of these pressure jumps, a
rise of about 1.9 mb in less than 2 min, occurred at 0430
followed by a series of small-amplitude oscillations.
This pressure jump, associated with roll clouds (visually
observed), the shift in winds, and temperature increase,
was identified as an atmospheric undular bore (Stull
1988). Two distinct peaks in wind direction change
were observed. The first occurred at 0435 and was as-
sociated with wind veering from 260° to 305° (direction
of the bore movement) and then back to 260°. This was
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F1G. 3. (a) Map showing the Oklahoma Mesonet surface stations (see http://www.mesonet.org/overview for details of all stations) and
the location of the DOE ARM CART station (LAMO) where the RCS IOP instrumentation was located. Stations used in Figs. 5-7

are highlighted. The two lines shown are about 300 km each. (b) Streamline and dewpoint temperature (°F) analysis of the Oklahoma
Mesonet station data at 0300 and 0430 UTC 15 Apr 1994. The CART site, in north-central Oklahoma, is indicated by a square box.
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FIG. 4. Surface observations at the ARM CART site near Lamont, OK, on 15 Apr 1994. Plotted vs time are (a), (¢), and (f) wind speed
(ms™!) and direction (°), (b), (g) temperature (°C) as measured on the surface and 60 m above ground using the instrumented tower,
(c), (h) surface pressure (mb) (a magnified plot of the pressure records between 0000 and 0400 UTC is also shown in c’), and (d), (i)
microwave-radiometer-measured precipitable water vapor (cm) and water vapor mixing ratio (g kg~!) from an instrumented tower.
Microwave-radiometer-measured integrated liquid water (multiplied by a factor of 10; in mm) is used to indicate “cloud” occurrence.
Note that (e)—(i) are expanded plots of the variables between 0400 and 0600 UTC.

followed by a second hump to almost 300° and back to
230° before becoming constant at about 340° once the
cold-frontal air mass dominated. Wind speed peaks also
coincided well with wind direction and were about 11—
12 ms~! between 0430 and 0450. The temperature at
the surface and tower during the bore was dominated
by a temperature increase (one of the main character-
istics of a bore) associated with the downward mixing of
air from above the inversion level (discussed below). A
temperature perturbation of about 3°C coincided with
observation of the largest change in wind speed and
direction.

Prior to 0430, a series of small-amplitude pressure
jumps (0.3 to 0.4 mb) were recorded. The pressure
jumps around 0100 and 0320 were most notable and
were associated with wind speed and direction oscilla-
tions and temperature perturbations (a faint dip fol-
lowed by a pronounced peak). Temperature perturba-
tions of about 0.5°C were observed at 0100 with a
slightly larger one around 0320, which was followed by
another hump near 0350. The pressure jump recorded
around 0320 was also immediately followed by small-
scale oscillations similar to what would be expected by
weak bore-induced oscillations.

Numerous, less pronounced, pressure jumps were
also recorded during the earlier part of the day; how-

ever, their effect on wind and temperature perturba-
tions were not appreciable. In addition, the surface
temperature record also showed two relatively large
depressions, between about 0100 and 0220 and between
0220 and 0330, which corresponded in time with rem-
nants of midlevel cirrus clouds that were in the region
earlier in the daytime. In this analysis, we will mainly
focus on the 0100, 0320, and 0430 perturbations.

Combined with temperature, wind, and pressure
data, the mixing ratio records reveal an interesting pic-
ture of the lower atmosphere during the dryline and
bore periods. Measurements of water vapor mixing ra-
tio made by the tower (60 m high) instrument at the
time are presented in Figs. 4d and 4i. The mixing ratios
were nearly constant at about 9.5 g kg~! prior to 0320,
except for small-amplitude oscillations (coincident with
pressure and temperature bumps) near 0100. Between
0320 and 0430, when the dryline was just west of the
station, a sharp oscillatory rise in mixing ratio values
was recorded. This was associated with the borelike
pressure jump and temperature increase, as well as
wind speed and direction changes.

Between 0430 and 0500, during the undular bore, the
mixing ratio profile of the lower atmosphere was domi-
nated by vigorous bore undulations. During the first
wave peak, mixing ratio values dropped from 16 to 12 g
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kg™ !, and the peak was marked by a brief decrease in
surface and tower temperatures (~1°C). This drop in
temperature and moisture is attributed to the adiabatic
ascent of air parcels during the formation of the first
cloud band. The subsequent rise in mixing ratio to
about 15.5 g kg~ ! during the second and third cloud
bands is also recorded. Note that there was almost no
drop in mixing ratio separating the latter two wave
peaks. A possible explanation may be that the mixing
was not as vigorous so the air parcels did not mix down
to instrument levels to be recorded, which could also
explain the lack of temperature perturbations. Precipi-
table water vapor (PWYV; cm) and integrated liquid
water (LWV; mm) as measured by a microwave radi-
ometer (Liljegren and Lesht 1996) are also plotted in
Fig. 4, indicating the undulations associated with the
0100, 0320, and 0430 pressure jumps and location of
clouds.

Finally, a combination of the surface and tower wind,
moisture, and temperature data locate the passage to
be close to 0500. However, proximity of the bore to the
onset of the surface cold front led to superposition of
the bore-front signatures, which blurred determination
of the exact time of surface cold-frontal passage and its
vertical characteristics at the site. The leading edge of
the cold front had a complicated structure as will be
shown later, using the Raman lidar observations of low-
level moisture profile data.

¢. Surface observations at selected mesonet stations

Five-minute averaged time series plots of pressure,
temperature, and wind vector at selected mesonet sta-
tions roughly aligned along a northwest-southeast line
in northern Oklahoma (Fig. 3) are shown in Figs. 5 and
6. A number of gravity waves (e.g., mesonet station
BREC at 0230) and/or other perturbations are present
in the data. However, this analysis is restricted to the
undular bore as manifested by appreciable wind (Fig.
6), temperature, and pressure perturbations at the se-
lected stations.

In Fig. 6, the bore can be easily identified as a dis-
turbance traveling from northwest to southeast, across
the northern part of the state. The bore arrived at sta-
tions near the CART Central Facility (LAHO, BREC,
and REDR) between 0430 and 0530. The associated
shifts in speed and direction were similar to those ob-
served at CART. The pressure jumps at LAHO,
BREC, and REDR were close to 2.2, 1.6, and 2.3 mb
and were accompanied by temperature increases of 2°,
2.8°, and slightly less than 1°C, respectively (Fig. 5). At
LAHO, and to a lesser extent at REDR, weak borelike
signatures similar to those observed at CART were also
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present in the temperature and pressure data prior to
the arrival of the undular bore. A pressure jump ob-
served ahead of the bore over BREC at about 0300 was
associated with a decrease in temperature and a very
brief wind shift (Fig. 6). To date, we have not resolved
this signature (seen only at BREC).

At stations northwest of CART (BUFF, MAYR, and
WOOD), the bore/front signatures are less distinct. At
BUFF, and to some extent at MAYR, an abrupt de-
crease in temperature together with a relatively gra-
dual increase in pressure is more indicative of a cold
front than a bore. At WOOD, however, a sharper in-
crease in pressure (~0320) is more representative of
a borelike phenomenon. At about 0320, just before
the cold-frontal air mass began to dominate (Fig. 6),
the temperature increased by about 1°C, associated
with a steep rise in pressure and accompanied by an
abrupt but brief change in wind speed and direction.
The pressure jump at WOOD, and stations in the
northwest corner, is not as distinct as what was re-
corded at stations near CART. One reason for the ab-
sence and/or faint bore signatures over these northwest
stations may be that the low-level moist air from the
Gulf, which was acting as a duct over CART (and sta-
tions east), did not reach as far into the northwest cor-
ner of Oklahoma and/or the bore had not separated
from the cold front. This conclusion is supported by
surface wind plots (Fig. 6) and streamline analysis (Fig.
3). It could also be that the bore was not separated
enough from (or maybe even not triggered) the cold
front.

At stations east of CART (OILT, BRIS, and to a
lesser extent at OKMU), the bore was distinctly recog-
nizable. It arrived at OILT, BRIS, and OKMU at 0700,
0720, and about 0810, respectively, and was associated
with wind direction shifts, temperature increases, and
pressure changes. Wind speed, however, decreased
slightly at these stations contrary to that observed at
the stations near the CART site. The magnitudes of
the temperature increases were also smaller than sta-
tions near CART even though the pressure jumps
were comparable (>2 mb). This suggests less vigorous
mixing by the bore and/or an increase in the depth
of the stable (nocturnal) boundary layer expected near
sunrise. In general, this difference in the magnitude
of the temperature increase is believed to be a func-
tion of the station temperature, the time of day (night),
bore strength, inversion strength, and other local fac-
tors.

Using the above station datasets, a bore propagation
speed of about 14 = 0.5 ms~' was calculated from a
plot of the time of arrival of the pressure jumps at each
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Oklahoma Mesonet: 14-15 April 1994
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FIG. 5. Time series plots of temperature (°C) and pressure (mb) at selected stations, from the Oklahoma Mesonet, showing the
pressure jump and its associated temperature perturbations on 14-15 Apr 1994.

station against the stations estimated distances from a
reference point along a line that traverses the state
from northwest to southeast (Fig. 7, dashed line). A
similar propagation speed (14 ms™') was also calcu-
lated from the leading edge of the wind disturbance in
Fig. 6; the trailing edge (surface cold-frontal passage for
stations near CART) had a slower speed of about 11
m s~ '. A slightly higher bore propagation speed, 16 +
0.6 ms™ !, was calculated from data taken at stations
south of CART (Fig. 7, solid line).

d. Rawinsonde data

One of the mechanisms needed to sustain an atmo-
spheric wave is a statically stable layer of air capped by
a neutrally stable atmosphere. The vertical structure of
the atmosphere on 14-15 April 1994 shows such strati-
fication. Profiles of virtual potential temperature (6,),
temperature, relative humidity, and wind speed and di-
rection made at 0232 and 0545 on 14-15 April 1994
using radiosonde data at the CART site are plotted in
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The stations selected lie in a roughly NW-SE line across the state of Oklahoma. Note how the region of wind perturbation widens for
stations in the SE.

Fig. 8. The 6, sounding at 0232 was made when the frequency (27/N) that increased linearly from 10 to
dryline was located just west of the sampling area and about 25 min. This stable layer was topped by a second
will be used to study vertical structure evolution of the well-mixed layer (with a A6, of about 2° between its

atmo ph d ing dr yl onditions. The 0232 and top and base) extending to 5 km. Relative humidities
the 0545 undings represent prebore and postbore were close to 20% at its base but progressively in-
conditions , respect' ely. creased to about 90% near its top, which coincided

I the 0232 sounding a stable layer near the ground with the passage of thin cirrus clouds. The Ri number
ended t b t1 km characterized by a A6, of at the base of this well-mixed layer (1.5-2.3 km) was
about 6° and Richardson number (Ri) of less than 1 significantly less than 0.25. A strong shear, exceeding
indicating dynamic instability, and a Brunt-Viisidlda 5 ms~' km~' throughout the lowest 2 km was also
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14-15 April 1994: Oklahoma Mesonet Data
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F1G. 7. Time of occurrence of the pressure jump, associated with the bore across stations
along a line oriented in the direction of the bore movement (see inset figure) vs the relative
distance from an arbitrary point in the NW corner of the state. A speed of propagation of
the bore is calculated from the slope of the lines.

observed, suggesting favorable conditions for wave
generation by wind shear as described by Gedzelman
and Rilling (1978), Hauf (1993), and Hauf and Clark
(1989).

The 0545 sounding revealed an atmosphere greatly
modified by the cold-frontal system. It shows a cool,
constant 6, layer of about 500 m deep capped by a
sharp inversion. The inversion at 0.7-1 km identifies the
cold-frontal surface that lifted the moist air as the front
moved eastward forming an elevated moist (RH =
70%) layer. Between 1- and 2-km altitude, conditions
were much colder than the same layer at 0232 and also
of constant 6,. Overlaying this lifted moist layer was the
well-mixed midtropospheric layer identified on the
0232 sounding. The characteristics of this well-mixed
layer stayed more or less the same as in the earlier
soundings except that its depth was reduced by about 1
km as a result of the lifting of its base by the cold-
frontal surface and slight lowering of its top. The
amount of cooling at low levels in the 0545 sounding
ranged from 10° at the lowest layer (0. to 0.5 km) to 11°
between 0.5 and 1.75 km.

Also shown in Fig. 8 are wind speed and direction
profiles that show the development of a jet at about 1
km with speeds of about 17-20 ms™'. Above the low-
level jet, wind speeds generally decreased to about 2
km before increasing again to more than 20 ms~' near
the top of the well-mixed layer. Near-surface wind di-
rections were from the south-southwest but veered with
height below 2 km and remained from the southwest
during the 0232 sounding. Note that this wind direction
profile supports the assertion made earlier that the air
immediately west and above the dryline is similar. How-
ever, by 0545, while the direction above 2 km stayed the
same as that of the earlier sounding, the low-level wind
profile changed markedly; wind direction was north-
erly, a sign of the cold-frontal airmass dominance.

3. Raman lidar and radiometer measurements

a. Raman lidar measurements

Two Raman lidars, the National Aeronautics and
Space Administration (NASA) Goddard Space Flight
Center (GSFC) Scanning Raman lidar (SRL) and a sys-



1534 MONTHLY

Temperature (OC)
-20 0 20
6 T I LB I T
-\ (A
E T
E =
b i
[}
T 2
.’
0 T T
300 0 2 4 6 8
Mixing Ratio (g/kg)
6 ]
N©) i (D) !
—_ B 7] \
E T B
& - . 4
E = -
&b s .
220 -
[~ - _—:'7 ______
| 17
. 4
0|IIIIIII!lIIIllIlI]IHIIIIII L I L
0 5 10 15 20 25 O 100 200 300
Wind Speed (m's") Wind Direction (deg)

FI1G. 8. Radiosonde-derived profiles of (a) 6, (b) temperature
(°C) and relative humidity (%), (c) wind speed (ms™'), and (d)
wind direction (°) at 0232 and 0545 UTC 14-15 Apr 1994.

tem developed by Sandia laboratories prior to the op-
erational ARM CART Raman lidar [referred to as the
“Sandia lidar”; details can be found in Bisson et al.
(1999) and Goldsmith et al. (1994)] were in operation
during the ARM RCS IOP (Melfi et al. 1995, 1989;
Starr et al. 1995). The measurement principle of both
Raman lidars (RLs) is based on the theory that the
ratio of the mass of the water vapor to that of the mass
of dry air in a given volume (water vapor mixing ratio)
is proportional to the ratio of the Raman scattering by
water vapor in the atmosphere to that of nitrogen
(Melfi 1972). During the ARM RCS IOP, the SRL was
operated only at night (daytime capabilities have since
been added) while the Sandia lidar was deployed to test
the now successful narrowband, narrow-field-of-view
approach for making daytime Raman lidar measure-
ments. The lidars were calibrated using coincident ra-
diosonde measurements to derive a single calibration
constant relating the lidar data to the radiosonde-
derived water vapor mixing ratio data. In normal op-
eration, thousands of laser shots are incorporated into a
single 1-min water vapor profile with range resolution
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of 75 m. A full description, discussion, and enhance-
ments through the years of the lidars can be found in
Whiteman (2003), Whiteman and Melfi (1999), White-
man et al. (1992, 2001), Ferrare et al. (1995), Goldsmith
et al. (1994), and Turner and Goldsmith (1999). Com-
parisons of the lidars’ performance with other sensors
have revealed high correlations in the past as reported
by England et al. (1992), Soden and Bretherton (1994),
Ferrare et al. (1995), and Wang et al. (1995). An ex-
ample of a comparison of SRL and radiosonde-
measured water vapor mixing ratios, as well as a plot of
the SRL error analysis, is shown in Fig. 9.

Figure 10a reveals the state of the atmosphere over
the CART Central Facility site as manifested by the
high-vertical-resolution (75 m) water vapor mixing ra-
tio profiles detected by the SRL from near surface to
above 8 km on 15 April 1994, except for the data gap of
about 10 min at about 0310 (when the SRL was down)
and during heavy cloud occurrences where the laser
beam gets attenuated rapidly (above 1 km at 0430 and
above 4 km around 1000, when the data were limited to
below cloud base). A higher temporal resolution, time—
height evolution of the atmosphere is also shown in
Fig. 10b using the data from the Sandia lidar. Note that
the Sandia lidar was operating in a conventional,
vertical-only, 1-min data acquisition mode while the
SRL was operating in a “scanning” mode in which ver-
tical-pointing data were acquired only every other
minute, leading to some decrease in its effective tem-
poral resolution especially in capturing the small-scale
details of the bore undulations (Fig. 10a). Relative hu-
midity values, derived using the data in Fig. 10 and
radiosonde temperature profiles, are plotted in Fig. 11.
The sudden moistening of the lower atmosphere (0.5-
1.5 km) around 0300, the dramatic boundary layer un-
dulations near 0430, and the change to a drier boundary
layer capped by a slanted frontal surface was a result of
the interplay between the moisture tongue moving north
from the Gulf and the approaching cold front from the
west as pointed out in the earlier sections and referred
to as “frontal-dryline merger” in Parsons et al. (2000).

Figure 10 may be partitioned into three distinct time
regions, for analysis purposes, based on the surface
wind direction and the moisture structure.

1) TiME PERIOD I (PRIOR TO 0430)

This time period represents the arrival of the dryline
over the sampling site. This moisture tongue over the
site was a result of the westward advance of the dryline
early during the night, consequent stagnation, and then
later retreat. Much of the pre-dryline air was not
sampled since the lidar operation on that night did not
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FIG. 9. Comparison of SRL- and radiosonde-measured water vapor mixing ratio (g kg~ ') profiles and SRL error
analysis on 14-15 Apr 1994. SRL profiles were averaged to within =15 min of the time of radiosonde launch.

start until 0240. However, by using the 9 g kg™ ' iso-

hume (Schaefer 1986), the vertical and horizontal
(east-west) structure of the dryline is superbly visual-
ized by the lidar data.

A number of dryline characteristics are revealed by
the finescale Raman lidar data. The high moisture con-
trast between the air west of the dryline and the dry air
above (believed to have similar characteristics) to the
air mass east of the dryline is evident. The nearly ver-
tical boundary between the moist and dry air to the
west, a result of the nonexistent temperature disconti-
nuity (Hess 1959, 232-234), is clearly evident. The slight
tilt of the 9 g kg~ ' isohume (Fig. 10a, the leading edge
of the green region) eastward in the lidar data is in
agreement with the findings of Fujita (1958) and
McGuire (1962). The 9 g kg™ ' isohume was preceded
by a region of drier air mass (mixing ratio of about 5 g
kg™ ') that was lifted and arched through 90° to form a
horizontal lid on top of the moist air forming the
dryline that extended to about 1.2 km above ground
level. The 5 g kg~ ' shading also separates the low-level

moisture from the well-mixed (1-2 g kg™ ') layer that
extends through the midtroposphere as shown from the
radiosonde profiles presented earlier and also observed
by Carlson and Ludlam (1968) and Schaefer (1986).
This steplike structure of the boundary layer in the
lower levels is also similar to the steplike structure
found from radiosonde profiles reported by Schaefer
(1986). A contour plot of equivalent potential tempera-
ture (6,), derived from a combination of the three
soundings on this day (at 2332, 0232, and 0545) and the
SRL-measured mixing ratio data (Fig. 12), also reveals
this steplike atmospheric structure and the well-mixed
layer aloft. Note the gradual decrease in the depth of
the well-mixed layer from more than 3.5 km deep at
about 0240 to about 1 km by 1100.

Considerable finescale perturbations were also ob-
served along the moist—dry transition near the inversion
layer. The RL data during this time were filled by
waves, of about 5-min peak-to-peak distances, visible
throughout the depth of the dryline. The most intense
of these waves occurred around 0320 and coincided
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FiG. 10. Color-coded image of the water vapor mixing ratio (g kg™ ') profiles measured by the (top) SRL and
(bottom) Sandia lidar on the night of 14-15 Apr 1994 over the CART station. Note the data gap around 0310 UTC
in the top image and the vertical striping around 0430 UTC and near the end, which indicate laser beam attenuation
by clouds. Note that the SRL was operated in “scan” mode and data shown here are vertical profiles only (made
every other minute), while the Sandia lidar was operated in vertical-only, 1-min resolution.

with the temperature, wind speed, wind direction, and shrunk in depth by about 0.25 km, reminiscent of a
pressure perturbations discussed earlier. Between 0400 supercritical flow region (Turner 1979, p. 67) ob-
and 0430, the air on top of the dryline, between mixing structed by the approaching cold front that led to the
ratio contour lines of about 9 and 5 g kg~' (Fig. 10), pressure jump at 0430.
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FiG. 11. Color-coded image of relative humidity (%) derived using the SRL water vapor mixing ratio profiles
and rawinsonde temperatures on the night of 14-15 Apr 1994.

2) TIME PERIOD II (0430-0530)

The low-level moisture during this time was regu-
lated mainly by the undular bore oscillations. The pres-
sure jump at 0430 and the undulations that followed
produced intense mixing in the low-level moisture field.
Associated with this intense mixing and abrupt increase
in height of the low-level moisture was a slight decrease
in the depth of the well-mixed layer on top. It is im-
portant here to point out the advantage of a moisture-
sensing profiler instrument like the RL over that of
standard surface-based or radiosonde (3-h intervals at
best) instruments in resolving these short, transient
waves and associated atmospheric structure. The high
resolution in time and height and the fact that no large
temperature lapse rates or dust particles are required
(as would be required by acoustic sounders and most

radars, respectively) makes the RL a superior instru-
ment in visualizing atmospheric moisture structure.
Recall from earlier discussions that the pressure
jump at 0430 had a magnitude of about 1.9 mb in less
than 2 min and led to the formation of low-level clouds.
Since the SRL was not able to penetrate these dense
clouds (high cloud liquid water content), as will be
shown later, data from other sources (from the Univer-
sity of Utah lidar and Pennsylvania State University
94-GHz radar; not shown here) were used to estimate
cloud-top altitude and geometric structure. The first
cloud band (base 1.33, top 1.5 km) occurred between
0431 and 0439 and coincides well in time with the time
of the large pressure jump recorded at the surface. The
second cloud band also had a slant base that varied in
altitude from about 1.33 km at 0441 to about 1.75 km at
0451 with a cloud-top height of 2.23 km. A third, thin
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in Fig. 8).

haze/cloud layer was also observed topping the third
wave peak. The undulations continued with decreased
amplitude, no cloud formation, and decreased period
(peak-to-peak time). For example, the first two wave
peaks were about 10 min apart while the separation
between the third and fourth waves was shorter, at
about 8 min. This was also true for the other wave
peaks and may be linked to the shrinking depth of the
low-level moist layer, a subject of a forthcoming article.

In addition to the bore undulations, measurements of
the RL in this time period revealed all the layers iden-
tified in the rawinsonde profiles earlier as layers of con-
trasting moisture. These include the moist layer below
about 2.0 km, the well-mixed midtropospheric layer,
and the dry layer above 5 km. Note that the depth of
the well-mixed layer progressively decreased not only
because the top of the layer (mixing ratio of about 2.0
g kg~') decreased, but also because of the substantial
lift due to the intense mixing associated with the bore
and cold-frontal surface from below.

3) TiMmE PERIOD III (LATER THAN 0530)

This time period was characterized by the dominance
of the cool and dry air mass behind the cold front. The
sloping frontal surface, the undulations on the frontal
surface and the mixing processes that resulted, the
cloud formation about 5-6 h after the surface cold-
frontal passage, and the decrease in depth and eventual
demise of the midtropospheric layer are all visualized
by the RL data and agree well with the results obtained
from radiosonde, surface, and satellite observations.

Recall again that locating the exact time of the sur-
face cold-frontal passage was complicated by the pres-
ence of the bore undulations. However, as can be seen
in Fig. 10, this task is simplified by using the high tem-
poral and vertical profiles of the RL. Assuming the 5 g
kg ' isohume separates the humid air mass from the
south and the cold—dry air from the west, Fig. 10 indi-
cates the frontal passage to be about 0530. Recall also
that the lowest temperature recorded immediately fol-
lowing the bore undulations was at 0530. However,
mixing ratio values greater than 5 g kg~ ' were observed
at low levels (surface to about 500 m) until about 0820,
which suggests that the leading edge of the cold-frontal
air mass was detached from the surface forming the
frictional layer. Finally, the RL measurements also re-
vealed that the cold-frontal surface was characterized
by extensive undulations that later changed into broken
cellular structures indicative of vigorous mixing pro-
cesses; the downward mixing of parcels can be traced as
5 g kg~! fingers digging deep down into the cold air
mass.

b. Microwave radiometer

The column-integrated PWV and liquid water con-
tent (LWC) were simultaneously recorded during the
ARM experiment using a microwave radiometer lo-
cated at the CART Central Facility site (Liljegren and
Lesht 1996). The existence of clouds and the effect of
the undulations observed during the night on the inte-
grated moisture of the entire atmospheric column can
also be seen from the microwave-radiometer-measured
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FiG. 13. (a) Comparison of nighttime SRL
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data with the radiometer- and radiosonde-
Apr 1994. (b) Details of the radiometer-

measured liquid water and precipitable water content during the undular bore on 15 Apr 1994.

PWV and LWC. In Fig. 13a, a comparison of PWV
derived from the SRL, radiosonde, and the radiometer
during the night of 15 April 1994 is presented. A very
good agreement in the temporal trend between the
datasets was found. Slightly larger magnitudes of radi-
ometer PWV over that of the SRL were believed to be
due to the fact that the SRL is “blind” to low-level
moisture (below an elevation of 170 m) and the fact
that it is calibrated using the sondes, which are drier
than the radiometers (see Ferrare et al. 1995; Turner et
al. 2003).

The dramatic boundary layer undulations that oc-
curred during the night were also captured by the ra-
diometer-measured PWV (Fig. 13b). At 0430, the PWV
and LWC increased to unusually large amounts associ-
ated with the pressure jump and the accompanying un-
dular bore oscillations. The oscillations consisted of two
main cloud rolls of about 10 min long and a third peak
of shorter duration and lower LWC (most likely a haze
layer). Among the three waves that were recorded be-
tween 0430 and 0500, the second wave had the highest
LWC and amplitude of oscillation, with both the others
showing a modulated drop in amplitude. The envelope
of these three wave peaks was approximately one pe-
riod (about 2 h) away from the peak at 0320, suggesting

that it could be an extension of the wave of period
about 2 h that peaked at about 0120 and 0320. In ad-
dition, the PWV curve shows two distinct and long
wave peaks centered at about 0120 and 0320 that coin-
cided with the small temperature, pressure, and wind
speed increases, as well as wind speed shifts at the site
as discussed earlier. It is interesting to note that the
amount of low-level moisture (tower data) continued to
increase between 0320 and 0430 while radiometer-
measured PWYV stayed almost constant, an indication
of subsidence (drying) aloft. Tower-measured mixing
ratio (g kg~') data are also included to indicate the
dryline position and for comparison purposes.

Smaller-amplitude (and period) waves in the radi-
ometer-measured PWV values persisted throughout
the night. For example, a set of oscillations (period of 5
min) between 0530 and 0600 followed by a drop and
then more oscillations between 0800 and 1000 (30 min)
were observed. A complete analysis of these waves us-
ing the wavelet analysis methods is the subject of a
forthcoming paper.

4. Theoretical considerations

There are a number of numerical and theoretical
studies of bores and related phenomena in the litera-
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ture. These include the early work of Benjamin (1967),
a review by Simpson (1987), and also the work of
Christie et al.(1978) and Christie (1989), Crook (1984,
1988), Crook and Miller (1985), Smith (1988), Doviak
et al. (1991), and references therein. Here, we attempt
to compare the observation and theoretical predictions
of some of the characteristics of the undular bore, but
first we discuss the wave-ducting properties of the at-
mosphere.

A number of authors (Scorer 1949; Lindzen and
Tung 1976; Crook 1988; and others) have suggested
conditions for trapping the vertical leakage of wave en-
ergy in a stratified atmosphere. Solving a two-layer sys-
tem analytically, Scorer (1949) explained that in order
to have no vertical wave propagation, the vertical wave-
number must decrease with height to strongly negative
values. The vertical wave parameter, m?, is defined as

N? U’

2 2

m:(U—c)z_U_C k7, o))

where 2 = m? + k* = (N*/(U — ¢)*) — (U'1U — ¢) is
often called the Scorer parameter and is identical to the
wavenumber in the case of long waves, U — c is the
ambient wind relative to the bore ground speed c, k is
the horizontal wavenumber, N is the Brunt—Viisila fre-
quency within the stable layer, and U"(z) = (d*Uldz?).
The first and second terms in the right-hand side of Eq.
(1) are also referred to as the stability and curvature
terms, respectively. In the long-wave approximation, a
decrease of I with altitude from positive to negative
values leads to the trapping of waves below a layer
where ° < 0, leading to a ducting of waves in the hori-
zontal for several periods.

In Fig. 14, the Scorer parameters for the soundings of
0232 and 0545 (i.e., about 2 h before and 1.5 h after the

observation of the bore) are plotted. The profile of
U(z) was determined using 15 ms~' and 280° for the
bore speed and direction, respectively, as determined
earlier. It exhibits a critical level around 5 km, and the
effect of a developing low-level jet can be seen in the
0232 sounding around 1.5 km while the 0545 sounding
at low levels was modified by the cold-frontal system. In
addition, the 0232 sounding shows an increase of P with
altitude, which is not conducive for trapping vertical
wave propagation. However, by 0545, the Scorer pa-
rameter, dominated by the stability term, decreased
with height from positive to strongly negative values up
to about 2-km altitude, near the top of the moist layer
in Fig. 10. Thus, in conclusion, we believe that the ap-
proaching cold front from the west served as the trig-
gering mechanism that lead to the observed flurry of
wave activity. The low-level stable air, a vertical profile
of the Scorer parameter that decreased to strongly
negative values at the top of the moist stable layer, and
a low-level jet opposing the wave motion all contrib-
uted to the wave-trapping mechanism ensuring the
ducting of the waves generated (Crook 1986).

The speed of the bore on a continuously stratified
fluid may be written as (Crook and Miller 1985), ne-
glecting wind shear effects,

2Nd

bore a

@)

where d is the mean height of the bore. According to
Crook and Miller (1985), the value of d in Eq. (2) is
determined from the undulations “as far from the lead-
ing edge of the bore as possible where the wave ampli-
tude is small.” However, as can be seen from the RL
measurements (Fig. 10), the sloping cold-frontal surface
following the bore complicated exact determination of
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this parameter. Regardless, the mean depth was esti-
mated to be about 1.9 km (between the fourth and fifth
wave peak, at about 2 km, and where the oscillations
seem to start to fade, at about 1.7 km). Using the 0232
sounding, a mean N for the stable layer (A6, = 6 K in
a 1-km layer) was calculated to be 1.37 X 1072 s~ ..
These values predict a bore speed of 14 m s~ !, which is
in good agreement with the propagation speed of about
15 m s~ found earlier from the mesonet observations.

Note that the speeds become essentially the same if
the bore speed is calculated in the frame of reference in
which the upstream air at low levels is essentially at rest
(Fig. 14a, ~1 ms™1).

The bore speed was also calculated using the two-
layer fluid model of Rottman and Simpson (1989),
which hydraulic theory predicts to be a function of the
fluid interface depth (h,), the bore depth (k,), and in-
version strength (A6) as Cy.. = ((gA0/0)hy)[V2(h/hy)(1
+ (hilho))1*?.

Using hy = 0.8 km, A; = 1.2 km, and A6 = 5 K, this
relationship yields a speed of about 16 m s™!, again in
fairly good agreement with the speed derived from me-
sonet data of Fig. 7.

5. Summary and conclusions

During the night of 14-15 April 1994, moist air mov-
ing northward from the Gulf of Mexico converged with
a cold-frontal air mass from the northwest over north-
central Oklahoma in the presence of a well-mixed
midtropospheric layer. Surface mesonet records, rawin-
sonde soundings, the moisture-profile-sensing NASA
GSFC scanning Raman lidar (SRL), the Sandia Raman
lidar, and microwave radiometer revealed that the con-
vergence of these two airmass systems led to the initia-
tion and propagation of an undular bore. This paper
discussed the evolution of the atmospheric structure
during the night.

A greater emphasis was given to demonstrating the
ability of Raman lidars (RLs) in visualizing the fine-
scale features of the nocturnal boundary layer struc-
ture, which resulted from the interaction of these me-
soscale processes, using the water vapor mixing ratio. A
comparison of the RL measurements with rawinsonde
and surface-based instruments showed that the RL ac-
curately, and with very high resolution, described the
moisture profiles that resulted during the dryline, the
approaching cold front, the bore and associated undu-
lations, as well as the upper-level moisture up to about
8-km altitude. In the RL profiles, the dryline was ap-
parent as a moist steplike structure of height less than 1
km and lasted for about 2 h. The moist-dry boundary at
about 1-km altitude was characterized by high fre-

DEMOZ ET AL.

1541

quency (~10 min or less) during these 2 h before being
swept out of the area by the cold front. This dryline—
front interaction (or “merger”) led to the undular bore
that propagated in a southeasterly direction ahead of
the cold front at a speed of about 15 m s~ '. The mois-
ture structure, amplitude, duration and dissipation of
the bore undulations, and the progressive decrease in
wavelength of the bore undulations (12 min for the first
wave to 7 min by the fifth wave, all in less than 30 min)
were clearly identifiable from the SRL measurements.

The RL measurements also revealed a detailed struc-
ture of the boundary layer during the cold-frontal pe-
riod. At the surface, the front arrived more than a half
hour behind the undular bore, an observation difficult
to obtain accurately from satellite and surface mesonet
records for such cases. The complicated structure of the
leading edge of the cold-frontal air mass and its inter-
action with the moist Gulf air riding the sloped frontal
surface, the mixing of the moist air across the frontal
surface, the location of clouds about 5 h behind the
surface front, as well as the moisture structure within
the cold-frontal air mass, were clearly detected and vi-
sualized. Note that during the dryline—front merger, al-
though the warmer of the two flows was lifted over the
cooler, denser boundary to more than 1-km altitude, no
extensive clouds were observed. Only the roll clouds,
topping the vigorous bore undulations, were observed.

Rawinsonde, surface mesonet, and microwave radi-
ometer datasets confirmed the SRL observations. The
dryline and subsequent moistening was detected by a
tower- (60 m) mounted humidity sensor, and the tem-
poral values correlate well with those of the RL data. A
pressure rise (1.9 mb), temperature perturbation (a
brief dip followed by a pronounced rise of about 3°C),
and wind shifts, which were all associated with the un-
dular bore, were recorded. A number of coinciding pre-
bore perturbations were also observed in the surface
and RL data. The thermodynamic profiles made before
and after the bore passage revealed an atmospheric
structure conducive to horizontal wave propagation,
that is, a stable layer near the surface (acting as a duct
for the waves generated) topped by a well-mixed
midtropospheric layer that suppressed the vertical
propagation of waves.

High-resolution microwave radiometer measure-
ments of precipitable water vapor and column-
integrated cloud liquid water values were also recorded
during the night. A substantial amount of precipitable
water vapor (3.4 cm during the second peak of the bore
oscillation) and column-integrated cloud liquid water
(1.3 mm) were generated by the convection initiated by
the bore undulations. Very good agreement between
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the radiometer and the RL measurements was also
found.

Finally, this work has presented the utility of the RL
for high-resolution study of the boundary layer struc-
ture. The RL data reported are the most detailed ob-
servations yet obtained of the atmospheric structure
during the development of an undular bore that re-
sulted from the interaction of a cold front and a stable
moist layer associated with a dryline. The successful
operation of the Sandia lidar has led to the operational
U.S. Department of Energy (DOE) ARM Raman lidar
at the CART site, which has amassed more than 6 yr of
day/night continuous data. With its recent enhance-
ments in daytime atmospheric sensing and possible fu-
ture temperature and liquid water probing potential,
the NASA GSFC SRL offers a great opportunity in
mobile, high-resolution study of the boundary layer and
mesoscale phenomena.
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